INTRODUCTION
Homopurine-homopyrimidine mirror repeats adopt Hconformation under superhelical stress and/or acid pH (see (1 -3) for reviews). In it, the pyrimidine strand form pyrimidine-purinepyrimidine triplex with a half of the purine strand, the second half of the purine strand remains unstructured. Although usually the triplex part of H-DNA attracts most interest (the H form is even often referred as 'intramolecular triplex'), the single stranded region also deserves attention.
Reaban and Griffin (4) put forward an interesting idea that during transcription the nascent RNA can form complementary complex with single-stranded part of H-DNA formed behind the moving RNA-polymerase due to a local wave of supercoiling. They assumed that such complex stabilizes the H form preserving it after the wave of supercoiling is gone. However, their claim that they actually observed such a complex proved to be wrong (5, 6) . Our previous attempts to stabilize H-DNA via binding with corresponding oligonucleotide also failed (7) . Instead, the oligonucleotide preferred to form triplex with the duplex form of the homopurine-homopyrimidine region and as a result the H form was destabilized in the presence of oligonucleotide (7) .
We early observed a complex similar to one claimed in (4) only in case of an unusual structure formed by telomeric sequences under superhelical stress and low pH (8, 9) , which also carries a single-stranded region. Probably in this case the intermolecular triplex is too weak to compete with the unusual structure.
Here we demonstrate the formation of a kinetically stable complex between H-DNA and the corresponding oligonucleotide. We show that if the oligonucleotide is added to supercoiled DNA carrying the H form at low pH, the obtained complex remains stable up to neutral pH. This method of kinetic trapping of a protonated unusual structure carrying a single-stranded region made it possible to observe an unusual structure formed in the yeast telomeric sequence.
MATERIALS AND METHODS

Plasmids
The pCG32 plasmid carries the insert, 5'AAGGGAGAACGG-GGTATAGGGGGAAGAGGGAA3', cloned within the pUC19 polylinker.
The pGG32 plasmid carries the insert, 5'AAGGGAGAAGG-GGGTATAGGGGGAAGAGGGAA3', cloned within the pUC19 polylinker.
The pYTELll plasmid, prepared by O.N. Danilevskaya, carries the (CACACCCA), 6 insert cloned within the pTZ19 plasmid.
The pTC43 plasmid carries the insert dC(TC)21 cloned within the pUC19 polylinker.
Oligonucleotides
In case of the pCG32 plasmid, we used oligonucleotide:
(D
In case of pGG32 plasmid we used oligonucleotide:
(la)
• To whom correspondence should be addressed
In case of the pYTELll plasmid, we used the G-rich oligonucleotide:
5 'TGTGTGGGTGTGTGGG3', and the C-rich oligonucleotide:
(n) (HI) In case of the pTC43 plasmid we used oligonucleotide d(CT)5.
Complex formation was conducted in Na-Citrate buffer (50 mM of Na + ) at different pH (indicated in figures or figure legends) with 30 /tg/ml of oligonucleotide I, 20-30 times more moles than of the pCG32 plasmid. The same concentrations were in case of oligonucleotides la and d(CT) 5 . In case of oligonucleotides II and IE, their concentration was 5 -6 /ig/ml, which was approximately equal to the number of potential binding sites on the pYTELl 1 plasmid present in solution. In Fig.2 the pH values are indicated, which were in the 100 mM Na Citrate solution prior to the formation of the incubation mixture.
Two-dimensional gel electrophoresis
Samples containing DNA molecules with wide distribution over topoisomers were prepared as usual (7) . Gel electrophoresis in the first direction (from top to bottom) was performed at 12-15°C in Na-Citrate buffer (50 mM of Na + ) with pH indicated in figures or figure legends. Electrophoresis in the second direction (from left to right) was performed in the TAE buffer containing about 2 /ig/ml of chloroquine.
Chemical probing
Before probing, the superhelical plasmid was pre-incubated with or without 50-fold molar excess of oligonucleotide I in the 50mM Na Acetate solution (pH4.5) during one hour at 20°C.
Diethyl pyrocarbonate (2/tl) was added to DNA (0.5 ng) in 50/il of Na Acetate buffer (50mM; pH4.5). The reaction was performed for 40 min at 20°C.
Potassium permanganate (100 /iM) was added to DNA (0.5/ig) in 50/tl of the following buffers:© 50mM Na Acetate pH4.5;(ii) 40mM Tris Acetate pH5.4 + 50mM NaCl; (iii) 40mM Tris Acetate pH6.8 + 50mM NaCl;(iv) 40mM Tris HC1 pH8.5 + 50mM NaCl. The reaction was performed for 5 min at 20°C. The reactions were terminated by DNA precipitation by triple volume of the 96% ethanol. Then DNA was digested by HindHI and EcoRI restriction enzymes, labeled by a*PdTTP at the EcoRI site or by a*PdCTP at HindlE site. The fragments were extracted from 8% polyacrylamide gel, subjected to hot piperidine for 30 min and separated in the denaturing polyacrylamide gel.
RESULTS
Two-dimensional gel electrophoresis of pCG32 and pGG32 plasmids
We showed earlier (10) that the pXY32 plasmid carrying the insert 5'AAGGGAGAAXGGGGTATAGGGGYAAGAGGG-AA3' where X and Y are any DNA bases, adopts the H form under superhelical stress and low pH (see Fig. la ). The filled squares in Fig.2 show how the number of superhelical turns T, at which the H form extrudes according to the 2-D gel electrophoresis patterns shown in Fig.3 , depends on pH. This is a linear dependence typical for H-DNA (11, 12) . Very high negative supercoiling is required for extrusion of the H form at pH above 5 in the pCG32 plasmid (the same is true for the pGG32 plasmid).
Along with the pCG32 plasmid alone, in the same buffers, 2-D gel electrophoresis of the pCG32 plasmid pre-incubated at pH 4.1 with oligonucleotide I (see Materials and Methods) was carried out (see Fig.3 ). The results are shown by the open squares in Fig.2 . One can see that in this case negative superhelicity above which the H form is present does not depend on pH up to pH5.5. Only above this pH value superhelicity of the extrusion of H-DNA starts increasing with approximately the same slope as for the pCG32 plasmid in the absence of oligonucleotide.
The plus symbols in Fig.2 show the number of superhelical rums inducing the H-DNA extrusion in the presence of the oligonucleotide as a function of pH of pre-incubation. In contrast to the two other dependencies, the pH value of electrophoresis in the first direction was the same for all points and equal to 4.8. The open squares and the plus symbols correspond to pre-incubation with oligonucleotide I. In case of the filled and empty squares and the solid line the pH value of the electrophoresis buffer fin the first direction) is meant (me pre-incubation was carried out at pH4.1 in this case). In case of the plus symbols and the dash line the pH value of the pre-incubation buffer is meant (electrophoresis was conducted at pH4.8 in this case). Superhelical density a = T 0.004.
One can see that superhelicity of the transition strongly depends on the pH value of pre-incubation while the pH value of the electrophoresis buffer is fixed. Similar results were obtained in case of the pGG32 plasmid (data not shown).
Two features of the 2-D patterns obtained after pre-incubation with the oligonucleotide as compared with the control patterns (obtained after pre-incubation under the same conditions but without oligonucleotide) worth mentioning.
First, in the case of complex formation, for those topoisomers, in which H-DNA is not extruded, a slight superhelix relaxation is observed, as compared with the same topoisomers in the absence of oligonucleotide. It is noticeable if one compares the vertical position of spots corresponding to most relaxed topoisomers within both pairs of patterns in Fig.3 . Such effect is consistent with the formation of intermolecular triplex and was observed before for the case of triplex between the d(GA) n d(T-C) n duplex and oligo d(CT) (7) .
Secondly, in case of complex formation, the sequence of spots corresponding to topoisomers without H-DNA and the sequence of spots corresponding topoisomers carrying H-DNA overlap so that one and the same topoisomer is present in two species: without H-DNA and with H-DNA (see the left-handed patterns in Fig.3 and Fig.4) . Such doublets were never observed without oligonucleotide. This difference in the pattern obtained after preincubation with and without oligonucleotide is seen especially clear in Fig.4 .
Note that in our experiments we usually mixed together the buffer, the plasmid and the oligonucleotide and incubated the mixture for 6 hours. However, the pattern did not change if the incubation time was 3 hrs. The same results were obtained when the plasmid was first incubated in the buffer without oligonucleotide for 2 hrs and then the oligonucleotide was added and the mixture was incubated for extra 3 hrs.
Chemical modification of pCG32 plasmid
We subjected H-DNA and H'-DNA to the diethyl pyrocarbonate (DEP) treatment. This agent is known to react with unpaired adenines and, much weaker, with unpaired guanines but does not react with purines within duplex or triplex. Fig. 5 shows the result of such modification of the pCG32 plasmid with native superhelical density (-a = O.M-0.06). In the case of H-DNA, adenines in the 5 '-half of the purine strand and in the TATA box are clearly modified, as was first demonstrated by Voloshin et al. (13) . As was expected, in the case of H' form only two adenines in the TATA box proved to be reactive. We used potassium permanganate to detect H-DNA and H'-DNA as a function of pH for the pCG32 plasmid with native superhelical density. This agent reacts with unpaired thymines, which should be present in the central part of the pyrimidine strand if H-or H'-DNA were formed. Fig. 6 shows that at pH4.5 the corresponding bonds are clearly seen for H-DNA. They completely disappear at pH6.8, which indicates that H-DNA does not exist at neutral pH in the pCG32 plasmid. In the case of H'-DNA, however, the two bands corresponding to two central thymines in the insert are clearly seen up to pH6.8. These data demonstrate the H'-DNA existence at neutral pH. One can see in Fig.6 that at pH8.5 the thymines, which in H'-DNA enter the triplex, become reactive. We believe that in the alkaline pH region the H' form converts into the D-loop. This question, however, needs further study.
Structural transition in pYTELll plasmid
Thus, the above data indicate that the oligonucleotide binding somehow stabilizes the H form making it possible to be observed under conditions unfavorable for its formation in the absence of oligonucleotide. It opens the possibility to observe, using oligonucleotide binding, other unusual structures carrying singlestranded regions, which without oligonucleotide could not be observed because require too stringent conditions. To check this we applied the oligonucleotide-binding assay to the yeast telomeric sequence, for which we had failed to observe any structural transition similar to ones observed in Tetrahymena and human telomeric sequences, which form unusual structures uptaking the pyrimidine-rich oligonucleotides (8,9). We therefore incubated the pYTELll plasmid, carrying the yeast telomeric motif (CACACCCA), 6 , with the C-rich oligonucleotide (HI, see Materials and Methods) at pH3.75 and then subjected the complex to 2-D gel electrophoresis. The lefthanded pattern in Fig.8 thus obtained showed the clear-cut discontinuity indicating that a structural transition occurred. No such transition was observed after the same plasmid was incubated with the same oligonucleotide at pH5.0 (the right-handed pattern in Fig.7) . We did not observe any discontinuity when the pYTELll plasmid was pre-incubated with oligonucleotide II at pH3.75 or when the parent plasmid pTZ19, without the yeast telomeric insert, was pre-incubated with oligonucleotide HI at pH3.75. The data in Fig.7 were obtained at pH4.85 of the electrophoresis buffer in the first direction. We still observed a transition at pH5.5 in this buffer but did not observe any transition at pH6.5.
We failed to observe any structural transition in the pYTELl 1 plasmid with or without oligonucleotide at pH3.75 of the electrophoresis buffer in the first direction. This was because the resolution of 2-D patterns at high negative supercoiling dramatically deteriorates at such low pH. This is the major reason why we had failed to observe any structural transition in yeast telomeric sequences prior applying the oligonucleotide-binding assay.
Structural transition in pTC43 plasmid
We have also observed the H'-form formation in the pTC43 plasmid carrying the dC(TC)2i insert. One can see (Fig.8) that in the case of the plasmid that was pre-incubated with the d(C-T) 5 oligonucleotide the structural transition is observed at relatively low negative superhelical densities whereas in case of the plasmid pre-incubated without oligonucleotide at the same conditions the structural transition is observed only at very high negative superhelical densities. Note that for a similar insert (dC(TC>22) Lyamichev et al. (7) 
DISCUSSION
When supercoiled plasmid carrying a homopurinehomopyrimidine mirror repeat is incubated at low pH with the oligonucleotide complementary to the 5'-half of the purine strand of the mirror repeat, two types of stable complexes are formed. First of all, the topoisomers with negative superhelical density lower than some critical value, a cr , form intermolecular triplex (T, see Fig. lc) with the oligonucleotide as was described by Lyamichev et al. (7) . The data in Figs.2, 3 strongly indicate that at negative superhelicity higher than CT CT the mirror repeat is in the H form, in which the unstructured 5'-half of the purine strand forms duplex with the complementary oligonucleotide (Fig. lb) . Indeed, the topoisomers with negative supercoiling higher than (j cr show retardation in gel typical for H-DNA but the structure remains stable at pH values at which H-DNA does not exist in the absence of oligonucleotide. The data on probing with potassium permanganate show the pattern typical for H-DNA up to pH6.8. We denote this complex between H-DNA and the oligonucleotide as H'. The data on probing with potassium permanganate and diethyl pyrocarbonate are fully consistent with the structure of H'-DNA in Fig. lb. Several lines of evidence indicate that both complexes, T and H', are virtually irreversible, kinetically trapped structures. 1). Fig. 1 shows that the T and H' structures differ from each other in the relaxation of superhelical stress and in junction regions. With exception of the junctions, the number and the types of Watson-Crick and Hoogsteen interactions in the two structures are identical. Because of this, T-H' equilibrium should be virtually pH-independent and if the a a value reflected the T-H' equilibrium it should exhibit a very weak pH-dependence, if any, in sharp contrast to the a n value for the B-H equilibrium. The plus symbols in Fig.2 show that it is not the case: the av alue depends on pH of incubation as sharply as the a lr value (filled squares). This means that the <J CT value reflects the B-H equilibrium under the pre-incubation conditions rather than the T-H' equilibrium. The oligonucleotide kinetically traps or 'freezes' the DNA molecules either carrying the H form or not.
2). The lack of interconversion between the T and H' structures manifests itself also in the form of double spots within the transition region clearly seen in the 2-D gel patterns (see Figs.3, 4) . Two spots in each doublet correspond to the same topoisomer either carrying the T structure or carrying the H' structure. The fact that the two species form separate spots means that transition between the two structures is blocked, at least in time scale of the electrophoresis experiment. In the absence of oligonucleotide we did not observe the double-spot effect. The time of the B-H transition is less than the time of electrophoresis and instead of the doublets the singe spots are observed having averaged mobility.
From the fact that the final state of the system does not depend on the manner in which oligonucleotide is added, we conclude that the rate-limiting step is the oligonucleotide binding rather than interconversion between the B and H forms. One can expect the rate constant of the oligonucleotide binding to the duplex (forming the T structure) and to the H form (forming the H' structure) to be different. Because of this the H'/T ratio can be significantly different form the equilibrium ratio of H/B, which took place prior to addition of oligonucleotide. Therefore small difference in the dependence of r on pH of incubation (Fig.2 , dash line) from the dependence of T on pH of the electrophoresis (Fig.2, solid line, filled squares) is not unexpected.
Note that because we used an asymmetric oligonucleotide, only one molecule of the oligonucleotide could bind to the mirror repeat in the duplex form (see Fig.lc) . Similarly, only one molecule of the oligonucleotide could bind to the 5'-half of the purine strand of H-DNA forming the duplex. If we performed similar experiments with an insert having regular sequence, such as d(G) n 3d(C) n or d(GA) n 3d(TC) n , and corresponding pyrimidine oligonucleotide, two oligonucleotide molecules could bind to the insert in duplex state and in the H-form state (in the latter case forming the triplex consisting of the 5'-half of purine strand of the insert and two oligonucleotide molecules). All the above arguments remain valid in this case because again the two possible structures differ one from the other only in junctions and in the relaxation of superhelix.
Why does the H' form is kinetically stable under conditions at which H-DNA rapidly flops into B-DNA and back? To explain this let us consider the elementary step of the H-to-B-DNA transition. The elementary step consists of energetically unfavorable disruption of the Hoogsteen pair and, again energetically unfavorable, the increase of negative superhelical stress. On the other hand, the energetically favorable formation of Watson-Crick pair takes place, which partly compensates the two unfavorable processes. In case of H'-to-B-DNA transition, the formation of Watson-Crick pair occurs in the expense of disruption of the same pair in the duplex formed by oligonucleotide. As a result, the effects of triplex decay and the superhelical stress enhancement prove to be uncompensated. Thus, the elementary step for H'-DNA is energetically less favorable than one for H-DNA by the energy of one Watson-Crick base pair, 6F O . If the H'-B transition is associated with such elements steps, the life time of H'-DNA, 6, determined by the equation (see ref. 14).
0' = 0s m where 6 is the life time for H-DNA, s =exp (SFp/kT), since in our case m= 14 and the stability constants for Watson-Crick pair is about 10, we see that 6' should be larger than 6 by the factor of about 10 14 . Thus, once formed, H-DNA can be trapped by oligonucleotide and this complex, which we call the H' structure, remains kinetically stable under conditions at which the H form itself cannot be observed. We used this assay to trap another DNA unusual structure, which is formed under acidic pH and superhelical stress in the yeast telomeric sequences. The facts that the transition point depends on the pH value of the incubation buffer and that no transition is observed when the G-rich oligonucleotide is added instead of C-rich one, indicate that a protonated structure, rather than the D-loop, is formed.
Lyamichev et al. (7) observed that in the presence of oligonucleotide the B-H transition required higher negative supercoiling and concluded that the oligonucleotide shifted the equilibrium towards the intermolecular triplex formed between duplex and oligonucleotide, i.e. to the T state. According to our present results, while oligonucleotide is added h binds to both, H-DNA and B-DNA, and the H'/T ratio is determined by the equilibrium H/T ratio and the rate of binding of oligonucleotide to the H and B forms. After this the T and H' forms are kineticalJy trapped. To demonstrate the H' form by 2-D electrophoresis one has to conduct the 2-D electrophoresis experiments under conditions at which negative superhelicity of B-H transition is higher than -a a , the negative superhelicity value at which the H form extruded under conditions of pre-incubation. This condition was not met in (7) and because of this Lyamichev et al. overlooked the H' form. Fig.8 indicates that the H' form is actually formed when the d(CT) 5 oligonucleotide is added to a plasmid carrying the d(CT) n insert. Although the data in Fig.8 are more difficult to interpret than the data for the pCG32 and pGG32 plasmids presented above, they testify that H'-DNA is formed in this case as well.
Our data shed new light on the possible biological applications of H-DNA. Instead of low pH, as in our experiments, in the cell the H form can be originally imduced by very high transient negative supercoiling formed during transcription (15, 16) . Nascent mRNA or other endogenic single-stranded nucleic acids can then kinetically trap H-DNA and support it at significantly lower negative supercoiling left afterwards, as was assumed in (4). Even if this option is not used by nature, it can be exploited as a highly site-specific oligonucleotide targeting strategy.
